This study alleviates the low operating temperature constraint of Si qubits. A qubit is a key element for quantum sensors, memories, and computers. Electron spin in Si is a promising qubit, as it allows both long coherence times and potential compatibility with current silicon technology. Si qubits have been implemented using gate-defined quantum dots or shallow impurities. However, operation of Si qubits has been restricted to milli-Kelvin temperatures, thus limiting the application of the quantum technology. In this study, we addressed a single deep impurity, having strong electron confinement of up to 0.3 eV, using single-electron tunnelling transport. We also achieved qubit operation at 5-10 K through a spin-blockade effect based on the tunnelling transport via two impurities. The deep impurity was implemented by tunnel field-effect transistors (TFETs) instead of conventional FETs. With further improvement in fabrication and controllability, this work presents the possibility of operating silicon spin qubits at elevated temperatures.
Silicon technology is a core technology supporting our modern advanced information society. Quantum technology is an emerging technology that could become a core next-generation technology by ensuring its compatibility with silicon technology. Therefore, it is important to develop quantum technology based on silicon technology. In particular, it would be extremely beneficial with regard to the applicability of quantum sensing and quantum authentication technologies if these technologies were integrated with mature silicon technology.
Large-scale integration and high fidelity have been significant issues in Si qubit research [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Here, we highlight another important issue, which is temperature of operation. The operational temperature of Si qubits has received little attention. Thus, at present, most Si qubits operate in the milli-Kelvin temperature range. Obviously, high-temperature operation of Si qubits could extend their application, facilitated by the use of smaller refrigerators. Therefore, from the viewpoint of practical application, it is meaningful to explore the possibility of high-temperature operation of silicon qubit, even if their potential scalability is not immediately realised.
In this paper, we propose and demonstrate a novel Si qubit by taking advantage of an individual deep impurity embedded in Si tunnel field-effect transistors (TFETs) for electrically addressable spin qubits, to realise higher-temperature operation. Deep impurities are advantageous for qubit operation because electrons trapped in such deep levels are not excited thermally. Therefore, qubit operation can be expected even at room temperature if the level is sufficiently deep. Indeed, some reports have suggested the feasibility of room-temperature operation: the ensemble characteristics of spins bound to deep impurities have been investigated using electrically detected magnetic resonance 11 , and the electron spins of dangling bond defects and neighbouring 29 Si nuclear spins have been detected in MOS field-effect transistors (MOSFETs) at room temperature 12 . Numerous types of deep impurities in Si, including defects, have been identified and intensively studied, and conventional shallow impurities have been utilised in previous studies on Si qubits. Deep impurities have also been investigated in conventional Si FET devices from the perspective of their infrared responses or transistor switching stabilities 13, 14 .
Quantum-dot-like transport has been achieved using shallow impurities in the channels of miniaturised MOSFETs [15] [16] [17] [18] . Specifically, this transport involved two-step tunnelling from a source to a drain by utilising the shallow impurity level. Transport occurred due to sufficient tunnel coupling between the shallow level and the source and drain electrodes. However, deep impurities in MOSFETs are not suitable for such impurity-level-mediated transport because tunnel coupling is not ensured. To realise tunnel coupling with deep impurities, it is necessary to utilise extremely short-channel MOSFETs, which cannot be achieved using the Scientific REPORTS | (2019) 9:469 | DOI:10.1038/s41598-018-36476-z current technologies. Even if such short-channel MOSFETs were realised, the thermally excited diffusion current would superimpose the tunnelling current at the required higher operation temperatures. Therefore, we employed TFETs in this study. TFETs are gated p-i-n diodes 19 that look like MOSFETs but have different types of sources and drains. For example, P-type TFETs have n-type sources and p-type drains. Their switching is realised via electrostatic gate control by changing the thickness of the pn junction at the source-side edge of the gate. TFETs are attractive as future building blocks for low-power-consumption large-scale integrated circuits (LSIs), as they can achieve switching more abruptly than MOSFETs. ON current enhancement was reportedly achieved by introducing deep impurities into (relatively long-channel) Si TFETs and was ascribed to deep-level-assisted resonant tunnelling in their pn junctions [20] [21] [22] .
In this study, we utilised short-channel TFETs with deep impurities to realise electrical access to single deep impurity levels, and utilised their spins as qubits operable at high temperatures. Not only tunnelling transport through deep levels, but also gate tuning of such levels, is possible in short-channel TFETs with appropriately located deep impurities. Unlike MOSFETs, TFETs can enable tunnel coupling between impurities and electrodes with feasible channel lengths (sub-100 nm), even to the deepest levels in the middle of their band gaps.
Some of the devices that we fabricated exhibited clear signatures of single-dot-like characteristics even at room temperature due to the strong electron confinement to their deep impurities. Some other devices exhibited spin blockade signatures 23 due to the combination of deep and shallow levels to produce double quantum dots. In addition, under microwave driving, the weak source-to-drain current in the spin blockade region exhibited electron spin resonance, which enabled time-ensemble measurements of the spin qubits to be performed. Rabi oscillation was clearly observed with microwave pulses at 1.5 K and 5 K, and was still evident at 10 K.
Results
Device and measurement. The TFET-based quantum dot devices ( Fig. 1 ) were fabricated using manufacturing processes similar to those for conventional MOSFETs (see the supplementary information for details which include ref. 47-49). We utilised 100-mm Si-on-insulator (SOI) wafers, and the source and drain, which were n-type and p-type, respectively, were formed by ion implantation (I/I) of shallow donors and acceptors. The source and drain were activated by high-temperature rapid thermal annealing. Then, additional I/I of Al and N was performed throughout the Si area consisting of the source, channel, and drain. Next, low-temperature annealing, which is known to form Al-N impurity pairs in Si, was conducted [20] [21] [22] . These additional processes were crucial in forming deep impurity levels in the TFETs. Indeed, when they were skipped, none of the TFETs exhibited quantum-dot-like transport (see the supplementary information for more detailed discussion). Finally, the MOS gate, which utilised conventional high-k/metal gate technology, was formed. Quantum-dot-like transport was observed in the devices with gate lengths shorter than 80 nm (see the Supplementary Information for details).
The devices were characterised in a cryostat at 1.5-300 K. In most cases, we measured the drain current I D while the source voltage V S and the gate voltage V G were applied. Some characterisation was performed while I S was measured and V D was applied to avoid gate leakage current. Magnetic fields were applied perpendicular to the substrate, which corresponded to the [100] direction, or parallel to the source-to-drain current, which corresponded to the [110] direction. The microwaves were applied to plates located near the devices or the back plates of the substrates. In our microwave setup, a microwave electric field was dominantly applied to the device; hence, the electron spin resonance that we discuss later is an electric-dipole spin resonance 24 .
Room-temperature single-electron transport. The short-channel devices (≤80 nm) exhibited quantum-dot-like characteristics with large single-electron charging energies, as shown in the intensity map of the differential conductance dI D /dV S in Fig. 2(a) . The Coulomb diamond dI D /dV S suppression patterns are typical of single-quantum-dot devices, and the single-electron charging energies estimated from the widths of these Coulomb diamonds were up to 0.3 eV.
It should be noted that the intensity map is asymmetric with respect to V S . Specifically, the dI D /dV S intensity in the positive V S range is much greater than that in the negative V S range. This asymmetry is also reflected in the I D -V S curves in Fig. 2(b) . These features indicate that quantum dots were located in the channels (intrinsic regions) of the TFETs. Thus, tunnel coupling between the dots and electrodes depends on V S because the width of the space charge region of a p-i-n structure depends on V S . Thus, negative V S results in weak tunnel coupling. This characteristic is a notable feature of TFET-based quantum dot devices because MOSFET-based quantum dot devices exhibit less sensitivity to V S but greater sensitivity to V G . Lifting of the Coulomb blockade is observable in Fig. 2 (a) around V G = −0.25 V. At low temperatures, the zero-bias source-to-drain conductance G shown in Fig. 2 (c) exhibits sharp peaks originating from the lifting of the Coulomb blockade. Notably, the conductance peak is observable even at 300 K, indicating that the device worked as a room-temperature single-electron transistor 25, 26 .
Considering the large charging energy, V S -asymmetric transport, and high-temperature single-electron transport, we concluded that quantum-dot-like transport was realised with single deep impurity levels, as schematically illustrated in Fig. 2(d) . We suppose that a deep impurity spatially located approximately halfway between the source and drain contributes to the transport. If a deep impurity is located near the source side, the impurity level is significantly lower than the Fermi energy of the electrodes. Similarly, if a deep impurity is located near the drain side, the impurity level is significantly higher than the Fermi energy of the electrodes. Thus, it does not contribute to the transport (i.e., is outside the transport window). Therefore, a limited number of impurities are within Single-electron spin resonance. In some other devices, we also observed double-dot-like characteristics attributable to two quantum dots connected in series between the source and drain. Figure 3 These features were previously observed in single-gated double quantum dots 27 . In addition, the temperature dependence of G as a function of V G exhibited two types of Coulomb blockade oscillations: multiple-dot-like oscillations at temperatures below 30 K and single-dot-like oscillations at temperatures above 40 K (see the supplementary information for details) 28 . Considering all of these features, the formation of multiple dots consisting of deep impurities with strong confinement (supposing a confinement energy of >0.2 eV, see the supplementary information) can be expected, together with at least one "satellite dot" near each deep impurity with weaker confinement (∼5-20 meV). Among the I S peaks, one very sharp peak with a full width at half-maximum (FWHM) of 0.37 mV is evident in Fig. 3(b ). With the I S peak, we performed microwave irradiation and observed a typical double dot feature of the Landau-Zener-Stückelberg-Majorana (also known as photon-assisted tunnelling) interference pattern (see the inset of Fig. 3(b) ) [29] [30] [31] . The I S peak originated from resonant tunnelling through two quantum dots because its 0.06-meV width is much smaller than the thermal energy of the measurement temperature, 1.5 K 32 . It should be noted that the peak width was estimated as energy by utilising the relationship between the distance between neighbouring photon-assisted peaks (measured in V D ) and the microwave photon energy (see the supplementary information).
In addition, we observed the spin blockade phenomenon under certain double dot conditions. It is well known that weak leakage current flowing in spin blockade conditions indicates the occurrence of spin flip events in dots 33 . Under the electron spin resonance (ESR) condition of a single electron in a dot, the spin blockade is lifted and the leakage current increases when one of the spins is flipped by resonant microwaves in a static magnetic field 2,6,33 . As shown in Fig. 3(c) , I S increases during ESR. Similar ESR responses are observable in the (V G , V D ) region enclosed by the dotted line in Fig. 3(a) , strongly indicating that the spin blockade occurred in that region. Furthermore, the ESR response continues up to 12 K ( Fig. 3(d) ). Notably, the observable temperature is limited by a higher lying excited state of the satellite dot. In addition, the observable temperature corresponds to an energy much higher than the Zeeman energy of the spin, which can be advantageous in read-out using spin blockades, whereas single-shot read-out with spin-to-charge conversion requires a lower temperature than that corresponding to the Zeeman energy 34 .
The amount of leakage current in the spin blockade region limits the mean stay time of an electron in the dot. In the experiments, we observed a leakage current of approximately 10 pA, which corresponds to a mean stay time of approximately 10 ns. This time is consistent with the inverse line width of the ESR of approximately 0.1 GHz at low microwave power.
The g-factor of the spin resonance shown in Fig. 3(c,d) , which was obtained by applying a static magnetic field perpendicular to the substrate, was estimated to be 2.0. The g-factor changed slightly (by less than 2%) in the other spin blockade region (see the supplementary information). Note that these g-factors depend on the direction of the applied magnetic field and the resonance having a g-factor of 2.0 exhibited a g-factor of 2.3 when the magnetic field was applied parallel to the source-to-drain current flow (see the supplementary information). We note that the observed g-factor of 2.3 (much greater than 2) is largely different from that of the Boron impurity (g = 1.1) 35 . For Al-N impurity pairs, the large anisotropy of Zeeman splitting and g-factor of bound excitons (g = 1.6 for electron and g = 1.1 for hole) have been studied by magneto-photoluminescence 36 . However, the g-factor of the ground state probed by single electron tunnelling (accompanied by change in the electron/hole number) of Al-N will generally be different from the exciton g-factor. Thus, it has not been adequately proven that the observed g-factor is due to Al-N and this will be investigated in future research.
Considering the abovementioned results, the model of electron transport in a double dot shown in Fig. 3(e ) was obtained. The spin blockade occurred in the double dot with deep and shallow impurities. It is supposed that the deep impurity was donor-like with a total spin of zero in the electron-poor state (electron number N e = 0) and 1/2 in the electron-rich state (N e = 1) and that the shallow impurity was acceptor-like with a total spin of 1/2 in the electron-poor state (N e = 1, equivalent to the hole-rich hole number N h = 1) and zero in the electron-rich state (N e = 2, or N h = 0). The opposite case, i.e., the combination of an acceptor-like deep impurity and a donor-like shallow impurity, is also possible.
Coherent spin manipulation.
This section discusses the coherent spin operation of another double-dot-like device (device C). Figure 4 (a) depicts the ESR response under spin blockade conditions, as in the case of device B. The background current is lower in this case than it was for device B, which indicates that a longer mean stay time of the spin in the dot was realised. Notably, extra current other than the dot-related ESR background current flowed in the device because of the wide gate width, causing the effective spin blockade leakage to be smaller than that observed and resulting in a longer effective mean stay time (see the supplementary information). The ESR peak width was determined to be 4 MHz for low microwave power, which is limited by the mean stay time of the spin blockade, rather than the width (T 2 *) −1 ~ 1 MHz being limited by the nuclear spins in natural Si 1,3,7-10 .
Pulse-modulated microwave irradiation with the resonant frequency coherently drove the spin, and clear Rabi oscillations with increasing pulse length are observable in Fig. 4(b) . The oscillation amplitude (∼0.1 pA) is consistent with the pulse repetition rate, or duration (1 μs). The frequency of the observed Rabi oscillations varies linearly with the square root of the microwave amplitude ( Fig. 4(c) ). During the off-period of the pulse train, the target dot is set at one of the spin triplet states due to the spin blockade; then, it becomes the initial state. The microwave driving changed the triplet state to the superposition of a singlet and triplets; thus, the singlet component could be read out as I D . Figure 4(d) presents maps of the frequency detuning of the Rabi oscillations, displaying patterns well known to be evidence of qubit operation. Qubit operation is clearly observable up to 5 K and remains detectable at 10 K. The operation temperature of the TFET-based spin qubit is about two orders of magnitude higher than that of the other Si spin qubits. It should be noted that spin manipulation and read-out were realised at the same voltage due to strong electron confinement. In previous works with weak electron confinement 6, 33 , spin manipulation required a voltage different from that used for read-out because strong microwave pulses collapse the electronic states of dots. Reduced visibility of the Rabi oscillation at 10 K is due to decrease in the Rabi amplitudes and increase in the noise level. Similar trend is seen in Fig. 3(d) , where the decrease in the ESR peak and increase in the background noise eventually mask the ESR response at higher temperature. The T 1 value of the spin cannot be measured with our measurement scheme.
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Discussion
In this work, we characterised 41 devices having channel lengths of 60, 70, and 80 nm. Among them, 37 devices exhibited single-or multiple-quantum-dot transport, all of which had high single-electron charging energies, as discussed above (see also the supplementary information). In terms of high-temperature operation, three devices (including devices A and B) exhibited single-electron transport at room temperature. In most cases, the gate leakage current hampered the observation of the single-electron transport. Therefore, the gate stack should be improved to realise significantly higher single-electron transport yields at room temperature. Although the series of data clearly show the existence of the deep and shallow levels, the actual species of impurities are not identified yet. However, it is certain that the Al-N implantation caused the deep levels to form. To identify them, further investigation is required to consider the Al-N pair, implantation defects, and their complexes.
We discuss here that the deep impurity qubit can be compatible with both integrability and high-fidelity control, which are the necessary conditions for building a silicon quantum computer. A conventional qubit-qubit coupling method controls direct exchange interaction between two electron-spins, and thus the weakly The ESR is similar to those obtained using other (V D , V G ) sets, as in the case of device B. The g-factor was estimated to be 2.3, and consistent with device B for B // . A weak ESR with a g-factor of 2.7 was also observed (see the supplementary information). (b) Steady-state change in the drain current ΔI D as a function of the pulse length of the pulse-modulated microwaves (simple pulse train with fixed pulse repetition of 1 μs). The microwave frequency was fixed at that necessary for ESR (∼9.01 GHz) with 2-μs pulse repetition. The plots are offset for clarity. The background current increase with increasing pulse length is due to the static shift in the effective V G caused by the microwave. (c) Oscillation frequency dependence on P. (d) Oscillation dependence on microwave detuning Δf at 1.5, 5, and 10 K. The microwave pulse repetition was 1 μs for all of the measurements, and P was −11, −13, and −10 dBm for the measurements at 1.5, 5, and 10 K, respectively. The characteristic Rabi amplitudes (at π-pulse) are 0.08 pA, 0.08 pA, and 0.04 pA and noise values are 0.01 pA, 0.01 pA, and 0.02 pA at 1.5 K, 5 K, and 10 K, respectively.
Scientific REPORTS | (2019) 9:469 | DOI:10.1038/s41598-018-36476-z localised electron wavefunction is preferred, but this leads to low-temperature operation due to weak confinement. However, schemes for long distance qubit-qubit coupling such as spin chains 37, 38 , microwave cavity 39, 40 and dipole-dipole interactions 41 have been proposed. These are applicable for strongly localised electrons of the deep impurities, and enable high temperature qubit-qubit coupling. The employed qubit-readout method by the spin-blocked drain current is essentially a time ensemble measurement of the electron spin qubit, and cannot provide the high-fidelity non-demolition measurement required for a realistic quantum computer. However, if the deep impurity atom has a non-zero nuclear spin and it couples with the electron spin qubit by hyperfine interaction, this nuclear spin is regarded as a qubit, and can be read out with high fidelity and as a non-demolition measurement. There are proposals for such readout of nuclear spins in shallow or deep impurities 42, 43 . Improvement of operating temperature is recognised as an important development factor, even for architecture design, assuming implementation with conventional silicon quantum bits. It is believed to be difficult to realise the cooperation of qubits and classical CMOS circuits at such low temperatures because CMOS circuits introduce heat and electrical noise that hamper qubit operation. Therefore, at a minimum, qubit operation at 1-4 K is desirable 44 .
In the future, we aim to realise spin blockade devices operating at even higher temperatures and with low variability sufficient for integration. A spin blockade requires a pair of donor-and acceptor-like levels, as discussed above. One level in the pairs was a shallow level in devices B and C in this work. Pairs of deep levels are expected to enable operation at higher temperatures. In terms of variability, control of the impurity position is crucial, for which single-I/I technology can be employed 45 . Together with the realisation of such techniques, the Si-TFET-based spin qubits open the door to the age of high-temperature quantum technology on silicon technology.
Materials and Methods
In this study, we fabricated the TFETs using the 100-mm fabrication facilities at AIST. Several types of TFETs, such as those with different gate lengths and widths, were simultaneously fabricated on each wafer. The gate length varied from 10 μm to 60 nm. The long-channel TFETs with gate lengths longer than 100 nm were successfully operated as conventional TFETs. All of the transistors were operational; also, their variations were suppressed effectively 46 . On the other hand, the short-channel TFETs with gate lengths shorter than 90 nm exhibited a short-channel effect in which the OFF current increased because the drain bias had a stronger effect on the channel potential. The short-channel TFETs with gate lengths shorter than 80 nm operated as quantum transport devices, as reported in this manuscript.
Conclusion
We proposed and demonstrated quantum dots and spin qubits based on Si TFETs with deep impurities. The quantum dots operated at 300 K, whereas the spin qubits operated at temperatures up to 10 K, which was confirmed by spin manipulation with Rabi oscillation. Furthermore, the quantum dots and spin qubits effectively utilised deep impurity levels in Si. Future improvements will enable the development of high-temperature quantum electronic devices on silicon electronics.
